During the last 10 years or so, the renal research community has set the primary cilium into the lime light. From being viewed as a possible evolutionary rudiment, today the primary cilium has achieved the noble status of a physiologically relevant and necessary cellular structure. Its prime function in renal epithelium appears to be its ability to sense urinary flow. Much is still lacking to understand how the primary cilium senses flow. Transducer proteins, such as specific mechano-sensory ion channels, have been identified and are necessary for flow-dependent increases of epithelial ] i . Eventually, it also became clear that mechanical stimulation of the epithelial cells triggers the release of ATP. Intriguingly, ATP is an auto-and paracrine signaling molecule that regulates electrolyte and water transport in the nephron by binding to apical and basolateral purinergic receptors. ATP inhibits transport at almost all sites from the proximal to the distal tubule and thus elicits a diuretic response. In the perspective of this review, the primary cilium is a sensory structure and the adequate stimulus is the mechanical deflection. The output signal is the released ATP, a paracrine factor that ultimately modulates the main function of the kidney, i.e. the enormous task of absorbing some 180 L of filtrate every day.
assured constant rate. In addition, the kidney possesses several other essential elements of sensory physiology. One unique site to register a sensory input signal is the afferent arteriole. The physical stress imposed on the afferent arteriole by increment of the blood pressure triggers a vasoconstrictor response that opposes pressure-induced passive vasodilatation. This "myogenic response" serves to keep renal blood flow and glomerular filtration rate relatively constant and protects the delicate renal glomerulus against high pressure-induced damages [2] . The molecular mechanism of pressure sensing in the afferent arteriole is still not unequivocally resolved, but involves stretch-activated influx of Ca 2+ into the vascular smooth muscle cells [3] . This signal spreads via gap junctions (connexin 40), increases [Ca 2+ ] i in the juxta-glomerular cells with a subsequent reduction of renin release [4] . Lowered plasma renin is responsible for the systemic effects that normalize blood pressure. In addition to the myogenic response, seen in many vascular beds, renal blood flow is regulated by yet another mechanism -the tubulo-glomerular feed-back mechanism (TGF). The sensory structure in this response is the salt sensing macula densa, which comprises some 10 specialized cells at the very distal part of the thick ascending limb directly adjacent to the afferent arteriole of the parent glomerulus. The macula densa senses the concentration of Cl − delivered to this segment. In the case of a high distal tubular NaCl load as a result of elevated filtration, the macula densa cells take up increased amounts of NaCl via the apical Na + -K + -2Cl − co-transporter. The uptake of Na + and Cl − triggers cellular swelling [5] and ATP release into the interstitial fluid surrounding the afferent arteriole. ATP is hydrolyzed via ectoenzymes (CD39 and CD73) to adenosine. In turn, adenosine acts on A1 receptors on the vascular smooth muscle cells of the afferent arteriole to trigger vasoconstriction and reduce the glomerular filtration rate for that nephron [6, 7] . Tubulo-glomerular feedback prevents fluid overload for the nephron which would overburden the tubular epithelium. Tubulo-glomerular feedback contributes to auto-regulation of renal blood flow and in the regulation of systemic blood pressure. In parallel, the macula densa also regulates renin secretion from juxta-glomerular smooth muscle like cells [4] . Renin secretion is inhibited when the macula densa senses increased luminal NaCl concentrations.
The theme of this review series is how paracrine and autocrine signals at the periphery modulate or shape the final sensory output of the sensory organs. Intriguingly, in the sensory sites described above, the role of paracrine signals is well established and part of textbook knowledge, or it has been suggested [8] . As mentioned, the function of the macula densa critically depends on ATP release and the formation of adenosine [9] . The paracrine factors that modulate renin secretion are less well established but extracellular nucleotides similar to those described for tubule-glomerular feedback have also been suggested to play a role [4] . Moreover, the classical myogenic response may include a paracrine component. In mice deplete of the P2X1 receptor, the myogenic response was attenuated. This suggested that arterial stretch induces ATP release and P2X1-dependent contraction of the vascular smooth muscle cells [10] .
Yet another issue that has evolved during the last decade links the topic of renal and sensory physiology. This is the observation that renal epithelial cells possess a single non-motile primary cilium that protrudes into the tubular lumen and likely functions as a sensory organelle. The sensory function of this cilium appears to involve paracrine signaling elements. The specific task of this review is directed toward the primary cilium as a mechano-sensory urinary flow detector. It will be discussed that deflection of the primary cilium triggers cellular ATP release and autocrine/paracrine activation of purinergic receptors in the renal tubule. Fig. 1 . Scanning electron micrograph of the apical membrane of the early inner medullary collecting duct in rat. Principal cells have microvilli and a single primary cilium. Intercalated cells are covered with numerous microprojections consisting of microplicae and a few microvilli. The figure was reproduced with permission from Kidney International and was originally generated by Kirsten Madsen, FL, USA [12] . Magnification 9000×.
Anatomy and histology: the primary cilium in renal epithelium
The primary cilium is a non-motile organelle found in nearly all cells with only few exceptions. For a comprehensive inventory of primary cilia reported in cells please refer to http://www.bowserlab.org/primarycilia/cilialist.html. Bone marrow-derived cells lack primary cilia [11] . In renal epithelia, only the intercalated cells of the distal tubule lack primary cilia [12] . All other renal epithelial cells express a primary cilium that protrudes perpendicularly into the lumen of the tubule. In Fig. 1a scanning electron micrograph shows the structure of the primary cilium in principal cells in the early part of a rat inner medullary collecting duct. Note the absence of primary cilia in intercalated cells. The primary cilium is ∼4 m in length [11, 13] . It has a certain flexibility permitting mechanical deformation [14] . The structure of the primary cilium is defined by a microtubule-based inner skeleton called the axoneme that emerges from the mother centriole as the microtubular organization center of the cell [11] . The plasma membrane of the primary cilium is derived from the apical membrane that is enriched in specialized membrane proteins.
Physiology of the primary cilium in renal epithelium
The primary cilium has long been known as a cellular organelle with no apparent function. In 1997, elegant studies from Samuel Bowser's laboratory imaged primary cilia in living cultured renal epithelial cells [14] . In these experiments, fluid flow caused a reversible bending of the primary cilium. The degree of cilium bending was proportional to the flow rate. The authors therefore suggested that primary cilia could function as a flow sensor measuring the urinary flow rate. Some years later researchers discovered that bending the primary cilium with a micropipette or flowing solution over a layer of confluent MDCK cells in vitro triggers a robust increase of [Ca 2+ ] i [15] . This response was absent in nonconfluent cells that lack primary cilia and also disappeared when the primary cilia were chemically removed by chloral hydrate [16] . These studies concluded that the primary cilium indeed could function as a flow sensor, i.e. a change of flow over the apical surface of the epithelial cell elicits a cellular signaling response [11] . These results were corroborated in native renal tissue, where an increase of tubular flow triggered an increase of [Ca 2+ ] i in rabbit cortical collecting duct [17] and in mouse medullary thick ascending limbs [13] . It became apparent that this organelle was central in the development of polycystic kidney disease. Mice that lacked Polaris, a protein that is essential for outgrowth of cilia, developed renal cysts and showed situs inversus [18] . Eventually, the gene products that cause autosomal dominant polycystic kidney disease (ADPKD) had been identified as polycystin 1 (PC-1) and polycystin 2 (PC-2) [19] . Importantly, both proteins localize to the primary cilium and form a molecular complex [20, 21] . PC-2 is a member of the transient receptor potential family of sensory Ca 2+ channels also called TRPP2 [22] . This suggested that TRPP2 could be part of a molecular sensor in the primary cilium that permitted Ca 2+ influx and flow-mediated [Ca 2+ ] i increase. Indeed, inhibition or knock-down of either PC-1 or TRPP2 was found to block the flow response in renal epithelia [21, 23, 24] . The field of polycystic kidney research was electrified by these results because a novel and strong pathogenetic hypothesis could be put forward: In the absence of a functional primary cilium the renal epithelium lacks an essential sensory input signal to maintain its high degree of functional differentiation, eventually leading to epithelial degeneration and cyst formation.
Indeed, a cilio-centristic view emerged in this field as other defective proteins were localized to the primary cilium and were associated with renal and other organ cyst formation disorders [25] . Subsequently, the question needed to be asked whether the absence of the flow-induced increase of [Ca 2+ ] i is an obligatory event that leads to the formation of renal cysts. Ca 2+ influx due to flow-mediated deflection of the primary cilium involves the TRPP2 channel. TRP channels are often composed of several subunits, where a tetrameric structure is necessary to form a functional channel. The mechano-sensory TRPV4 channel has been identified in the primary cilium and likely forms heteromeric channels with TRPP2 [26] . In the absence of TRPV4 or when TRPV4 channels are pharmacologically inhibited, the flow response is blocked. Importantly, TRPV4 knock-out mice do not develop renal cysts. This provides a significant argument that the absence of the flowmediated increase of [Ca 2+ ] i is not directly linked to the formation of cysts. Today, the mechanism by which primary cilium dysfunction leads to the formation of renal cysts remains to be understood. Nonetheless, many observations support the notion that primary cilia function as sensory organelles. The physiology of the primary cilium in the kidney is just emerging.
The primary cilium and cellular release of ATP
A flow-stimulated increase of [Ca 2+ ] i in renal and other ciliated epithelial cells has now been observed in many different epithelia [23, [26] [27] [28] . The consensus is that the response is triggered by an initial influx of Ca 2+ at the apical membrane via the pathway discussed above. Eventually, [Ca 2+ ] i increases throughout the cytosol due to release from intracellular stores. In MDCK cells, Ca 2+ is released from IP3-sensitive compartments [15] . This has raised the question whether deflecting the cilium released a paracrine factor, activated a Gq protein-coupled receptor, and generated IP3. Moreover, mechanical stimulation of cells due to swelling [29] , gentle handling of a cell culture dish [30] , imposing a transepithelial hydrostatic pressure gradient [31] , or touching a cell with a micropipette [32] , commonly triggers ATP release. We are tempted to suggest that any mechanical stimulation of cells may induce nonlytic ATP release. In this context, it is noteworthy that the flow response in the collecting duct is also found in intercalated cells, which do not have primary cilia [17] .
Thus, it was logical to hypothesize that deflecting the primary cilium triggers ATP release. This phenomenon was first studied in the isolated perfused renal tubule. Increasing tubular flow triggered an increase in [Ca 2+ ] i [13] . The same experiments were also performed in renal tubules from mice lacking P2Y2 receptors (knock-out mice). In those experiments, the response to tubular flow was markedly reduced [13] . Further experiments were conducted using the P2 receptor blocker suramin and scavenging extracellular ATP with apyrase, an ATP hydrolyzing enzyme. In both cases, the flow response was markedly attenuated, especially when the blockers were applied to the luminal fluid compartment [13] . These results strongly suggested that tubular flow triggers ATP release, followed by auto-and paracrine activation of epithelial P2 receptors. A direct link to the primary cilium could not be established in these experiments. It is interesting to note, however, that in mice with truncated primary cilia due to a mutation in the orpk gene, flow-stimulated increase of [Ca 2+ ] i was attenuated [33] .
Obviously, the increase of flow in the native tubule will bend the primary cilia. At the same time, however, renal tubules are significantly distended (∼20%) during increased flow [13, 17, 33] . Thus, the mechanical stimulus to the tubular epithelium is complex and may involve pathways other than the primary cilium that trigger ATP release. To study if ATP release is dependent on the primary cilium we again used the MDCK cell system [34] . Cells were grown on half glass cover slips and mounted into a flow chamber (Fig. 2) . Confluent cells were placed up-stream in the flow path. Directly adjacent to, but not directly touching the confluent MDCK cells, we positioned non-confluent MDCK cells that respond to extracellular ATP [34] . These non-confluent MDCK cells functioned as bio-sensor cells for extracellular ATP. When a mechanical stimulus (flow) was applied to the confluent cells, there was an increase of [Ca 2+ ] i , as expected [16, 34] . Intriguingly, the downstream biosensor cells also showed an increase in [Ca 2+ ] i , which is normally not elicited by flow in these nonciliated cells [34] . The findings suggested that a paracrine signal was released from the confluent MDCK cells and washed over the adjacent cells. The paracrine factor was subsequently identified as ATP. Apyrase and P2 receptor blockers inhibited the biosensor responses [34] . Noteworthy, after removing primary cilia with chloral hydrate, the flow-stimulated increase of [Ca 2+ ] i was completely absent in the confluent MDCK cells and in the adjacent biosensor cells [34] . These findings indicate that flow-stimulated ATP release into the luminal fluid space in renal tubules requires the primary cilium.
Research from other laboratories has confirmed that flow over the apical membrane triggers ATP secretion in kidney epithelial cells [27, 35] . Furthermore, in ciliated cells from the bile duct, flow was also found to trigger ATP release into to luminal fluid space [36] . In renal epithelial cells from a patient with autosomal dominant polycystic kidney disease (ADPKD) caused by a defect in polycystin 1, flow-stimulated ATP release was significantly reduced [27] . Genetic rescue of orpk ADPKD mouse epithelial cells led to the reappearance of primary cilia and a concurrent rescue of ATP secretion triggered by fluid flow [35] .
Collectively, the data support the notion that intact primary cilia are required for epithelial ATP secretion. The compiled data provide a sound basis for an improved understanding of the flowstimulated increase of [Ca 2+ ] i in renal and other ciliated epithelial cells. The cilium functions as a mechano-sensory fluid flow detector, the deflection of which triggers the release of nucleotides. These nucleotides stimulate epithelial P2 receptors in an autocrine and paracrine manner and trigger an intracellular increase in Ca 2+ . It is likely that ATP is released into the interstitial fluid surrounding the basolateral membrane but this remains to be studied [31] . These results therefore provide further support that the primary cilium is a sensory structure of physiological relevance. 
The enigma of epithelia ATP release
Non-lytic ATP release has been demonstrated in many cell types and this provides the extracellular nucleotides for paracrine purinergic signaling. It is important to define the molecular mechanism of cellular ATP release. Significant progress has lead to two major suggestions. ATP may be secreted via vesicular exocytosis or via a conductive channel [37] . In several cells, the plasma membrane protein pannexin-1 has been associated with cellular ATP release and has become a prime candidate for further research. In renal epithelia, the mechanism of ATP release is largely unresolved and different players have been suggested. In the apical membrane of collecting duct intercalated cells, connexin 30 has been suggested as a conductive pathway for ATP secretion [38] . Connexon 30 in the apical membrane could function as a hemichannel. In the thick ascending limb, connexin 37 is found in the basolateral membrane. Most likely, connexin 37 does not form gap junctions at that site [39] and might be an ATP release channel there. The further study of epithelial ATP release is in our view an important question to be addressed.
Sensing tubular flow
The proposition that the primary cilium acts as flow measuring device is fascinating. The important question in this context is what could be an appropriate response for the physiology of the renal tubule? One hypothesis has been mentioned above while discussing the primary cilium and the link to polycystic kidney disease. It is possible that the tubular epithelial cell needs to be informed about being in proper use. This information would be sensed by measuring pre-urine flow, which is translated into cellular signaling events such as paracrine/autocrine release of ATP. These signals presumably regulate essential cellular features necessary to ascertain tubular structure and function. This concept lends its inspiration from the very general biological viewpoint, which uses the snappy term "use it or lose it". Numerous suggestions for how flow could affect the cell via primary cilia sensing have been put forward. Recent data suggest a role of mTOR1 signaling and cell size regulation [23] , hedgehog signaling [40] and the WNT signaling pathway [41] .
Renal tubular flow shows significant diurnal variability as the body goes through periods of high and low fluid intake. During high fluid intake and systemic volume expansion, the kidneys respond with diuresis. Diuresis is associated with an increase in glomerular filtration rate paralleled by reduced tubular absorption. Tubular transport along the renal tubule is a highly regulated process and the change of tubular flow rates could be isolated as one important regulatory event.
Such a regulation of tubular transport is best illustrated by K + secretion in the distal renal tubule. It has long been known that K + secretion is under the control of many factors, including the tubular flow rate [42, 43] . The initial part of the distal tubule is the site of active K + secretion. In the connecting tubule and early collecting duct, a physiological increase of tubular flow rates from 0.5 to 6 nl min −1 increases K + secretion markedly [43] . This has been attributed to a more favorable K + gradient during higher flow conditions and to an increased Na + load to this tubular site [44] . Studies identified that the voltage and Ca 2+ -dependent BK channel (KCa1.1) mediates flow-stimulated distal tubular K + secretion [45] . Our current understanding is that a parallel action of the ROMK channel in the principal cells and the BK channel in the distal tubule is responsible for renal K + secretion [46, 47] . K + secretion mediated by the BK channel is likely prominent during K + adaptation after prolonged high K + intake [47, 48] . It is noteworthy that the BK channel is also responsible for K + secretion in the distal colon [49] . In our experiments, distal colonic K + secretion became apparent when luminal P2Y receptors were stimulated [50] . This raises the question whether renal tubular ATP signaling also plays a role in flow-stimulated K + secretion. It is well established that the entire distal tubule expresses apical P2Y receptors [51] . Intriguingly, flow-induced increase of K + secretion was completely absent in TRPV4 knock-out mice [52] . As mentioned above, the TRPV4 channel is postulated to be a molecular component of the ciliary mechano-sensory Ca 2+ channel [26] . Absence of TRPV4 channels leads to blocked flow-induced increase of tubular [Ca 2+ ] i [26] . These combined results suggest that a flow-induced increase of K + secretion involves an active cellular sensing mechanism that opens epithelial Ca 2+ and K + channels. We therefore speculate the model depicted in Fig. 3 . Flow triggers the deflection of the primary cilium to induce ATP release and paracrine activation of apical (possibly also basolateral) P2 receptors. Stimulation of P2 receptors causes an increase in [Ca 2+ ] i that opens apical BK channels and elicits K + secretion. Thus, we hypothesize that local release of ATP represents a paracrine factor to facilitate renal K + excretion.
This hypothesis will require further experiments and rigorous testing. The renal tubule expresses numerous apical and basolateral P2 receptors along its entire length. Pharmacological activation of renal tubular P2 receptors markedly inhibits ion and water absorption. This contrasts with the purinergic activation of K + secretion through BK channels, discussed above. Examples of P2 receptor-mediated inhibition of renal transport include HCO3 − absorption in the proximal tubule, NaCl absorption in the thick ascending limb, Na + absorption in the collecting duct, and water transport in the inner medullary collecting duct. The concentration of ATP in the tubular lumen is sufficiently high to inhibit transport tonically [53, 54] . ATP in the lumen is derived from local release from tubular epithelial cells [37] . Tubular ATP release is constitutive [54] and is further enhanced by stimulation of g-protein coupled receptors [54] and after increased tubular flow [13, 27, 35] . In the absence of relevant renal epithelial P2 receptors, such as P2Y2 receptors, there is excess absorption of Na + that leads to elevated blood pressure and a suppressed renin-angiotensin-aldosterone system. These results reinforce the notion that extracellular nucleotides provide a tonic input signal to reduce tubular absorption. ATP in the tubular lumen appears to function as an endogenous local diuretic system which facilitates the excretion of fluid (Fig. 4) . Tubular flow and pressure change significantly as a function of oscillations in the flow in the early proximal tubule. These oscillations are caused by spontaneous changes in the diameter of the afferent arteriole or by discontinuous outflow conditions at the renal papilla. One might envision that tubular flow and pressure changes alter the deflection of apical cilia and thus alter ATP secretion into the tubular fluid. In this hypothesis, the primary cilium would play a role in maintaining luminal ATP concentrations and stimulating a diuretic response.
Primary cilia, antidiuretic hormone and paracrine purinergic signaling
Primary cilia are mechanosensory and chemosensory. In Caenorhabditis elegans, primary cilia are present on the sensory neurons that respond to touch and to various chemo-attractants [55] [56] [57] . Certain receptors are found to be particularly abundant and are functional in the membrane of the primary cilia [55, 58, 59] . Interestingly, vasopressin V2 receptors have been localized to the ciliary membrane in renal tubules [60] . In the distal part of the renal tubule the effect of arginine vasopressin (AVP) is mediated via V2 receptors. V2 receptors are believed to be expressed in the basolateral membrane of distal tubular epithelia. When stimulated, these receptors elicit a cAMP-and [Ca 2+ ] i -dependent trafficking of aquaporin channels (AQP2) to the apical membrane [61] . The localization of V2 receptors to the ciliary membrane opens the possibility that AVP may act apically as well as basolaterally. Urinary AVP is present in concentrations sufficient to stimulate V2 receptors (5-500 pM) [62] . Of particular interest in this regard is the investigation of patients with the ciliopathy, Bardet-Biedl syndrome. This complex syndrome is caused by mutations of at least 14 different genes that are related to defects in the basal body/primary cilium complex [63] . One of the manifestations of the syndrome is a urinary concentration defect [60] . Marion et al. [60] found that ciliary V2 receptors appear to be responsible for the apical actions of AVP. Epithelia lacking cilia due to Bardet-Biedl-type mutations lost the apical AVP response, both in terms of cAMP production and trafficking of aquaporin channels [60] . This loss was rescued by forskolin, which elevates intracellular cAMP in a receptor-independent fashion [60] . These data suggest a role for the primary cilium in detecting urinary AVP to regulate tubular water permeability. Interestingly, stimulation of V2 receptors with AVP is known to release ATP both in the thick ascending limb and in the cortical collecting duct [54] . ATP is known to counteract the transport effects of AVP and may thus be a negative feedback mechanism that prevents overstimulation of the tissue.
Summary and conclusions
During the last decade, the renal research community has set the primary cilium into the lime light. From being viewed as a possible evolutionary rudiment, today the primary cilium has achieved the noble status of a physiologically relevant and necessary cellular structure. Its prime function in renal epithelium appears to be its ability to sense urinary flow. Much is still lacking to understand how the primary cilium senses flow. Intriguingly, ATP is an auto-and paracrine signaling molecule that regulates electrolyte and water transport in the nephron by binding to apical and basolateral purinergic receptors. ATP inhibits transport at almost all sites from the proximal to the distal tubule and thus elicits a diuretic response. In the perspective of this review, the primary cilium is a sensory structure and the adequate stimulus is the mechanical deflection. The output signal is the released ATP, a paracrine factor that ultimately modulates the main function of the kidney, i.e. the enormous task of absorbing some 180 liter of filtrate every day.
